The FHIT gene, located at human chromosome 3p14.2, is frequently deleted in a number of human cancers, and interstitial deletions at this site were recently described in a significant proportion (41%) of testicular germ cell tumors. We studied the expression of Fhit protein in the progression and differentiation of testicular germ cell tumors to further elucidate its role in this type of malignancy. 
Testicular tumors are the most common malignancies of adult and adolescent males 14 -40 years old (1, 2) , and the incidence of such tumors has increased substantially from 1973 to 1996 in North America (2, 3) . Ninety percent of testicular tumors arise from germ cells. Testicular germ cell tumors are a heterogeneous group of neoplasms classified into seminomas and nonseminomas. It is generally accepted that testicular germ cell tumors (with the exception of spermatocytic seminomas) originate from a common precursor lesion known as intratubular germ cell neoplasia (1, 4 -6) . Cytogenetic and molecular studies have demonstrated that testicular germ cell tumors and intratubular germ cell neoplasia consistently exhibit increased copies of chromosome 12p material (1, (7) (8) (9) . In addition, molecular analysis using variable number of tandemrepeats markers and comparative genomic hybridization techniques have repeatedly identified loss of heterozygosity at chromosome 3p in testicular germ cell tumors, a finding that suggests the presence of one or more tumor suppressor genes at this region (10) . Although molecular pathology studies have demonstrated the alteration of protooncogenes (c-Kit), tumor suppressor genes (p53, DCC, and pRb), as well as aberrant expression of the cyclin D2 gene, there are as of yet no specific tumor suppressor genes associated with the histopathologic development of testicular germ cell tumors. Moreover the fundamental genetic factors that play a role in the development and progression of testicular germ cell tumors are not yet well understood.
The fragile histidine triad (FHIT) tumor suppressor gene located in the fragile locus FRA3B at chromosome 3p14.2 has been frequently involved in homozygous deletions and genetic rearrangement in a variety of sporadic human tumors (11) (12) (13) (14) (15) . The product of this gene, Fhit protein, is a diadenosine oligophosphate hydrolase capable of altering cell cycle kinetics and/or inducing apoptosis (16 -21) . Alterations in the FHIT locus have been associated with reduction or loss of Fhit protein expression in malignant and premalignant lesions including carcinomas of lung, cervix, kidney, esophagus, breast, and other organs (22) . More recently, suppression of tumor growth in nude mice injected with tumor cells transfected with FHIT provide direct evidence that FHIT is a tumor suppressor gene (23, 24) . To further elucidate the role of Fhit protein in the development of testicular germ cell tumors, we studied the expression of Fhit protein in a series of testicular germ cell tumors and their precursor lesion intratubular germ cell neoplasia and compared it with the expression in normal epithelium of seminiferous tubules.
MATERIAL AND METHODS

Tissues
Formalin-fixed, paraffin-embedded tissues from 45 patients with testicular germ cell tumors were used in the study. Intratubular germ cell neoplasia was identified in the surrounding tubules in 42 cases by the presence of undifferentiated, atypical, enlarged germ cells with clear cytoplasm and strong membranous staining with antibodies against placental alkaline phosphatase. Histologically, testicular germ cell tumors were diagnosed as follows: seminomas (16 cases), pure embryonal carcinomas (2 cases), pure yolk sac tumor (2 cases), pure choriocarcinoma (1 case), and mixed germ cell tumors (24 cases). The histologic tumor types encountered in mixed germ cell tumors included combinations of: seminoma and embryonal carcinoma (4 cases); seminoma, embryonal carcinoma and teratoma (1 case); embryonal carcinoma and teratoma (7 cases); yolk sac tumor, embryonal carcinoma and teratoma (9 cases); yolk sac tumor and teratoma (2 cases); and yolk sac tumor and embryonal carcinoma (1 case).
Immunohistochemical Studies
Polyclonal rabbit IgG antibody to Fhit (ZR44, Zymed Laboratories, Inc., San Francisco, CA) was used at 1:200 dilution. Placental alkaline phosphatase immunostaining was performed using a mouse monoclonal antibody (clone 8A9; Neomarkers, Inc., Union City, CA). The slides were deparaffinized and subjected to heat-induced epitope retrieval using a steamer (Black and Decker Handy Steamer Plus) and DAKO Target retrieval solution (pH 6.0 -6.2; DAKO Corp., Carpinteria, CA). The slides were steamed for 20 minutes, cooled at room temperature for 20 minutes, rinsed with deionized water, and then placed in Tris-buffered saline for 5 minutes. Endogenous peroxidase was blocked by placing the slides in 3% hydrogen peroxide for 10 minutes.
Immunohistochemical staining was performed using the automated immunostainer (DAKO). A standard streptavidin-biotin complex technique (LSAB2 system, DAKO) with diaminobenzidine as chromogen was used. The slides were counterstained with hematoxylin (13) . Expression of Fhit was classified as follows: absent/weak (cytoplasmic staining less intense than in adjacent normal germ cells) and strong (staining of similar intensity to that of normal germ cells). The extent of positive staining was divided into the following categories: focal (Ͻ10% positive tumor cells), moderate (10 -50% positive tumor cells), and diffuse (Ͼ50% positive tumor cells).
RESULTS
Expression of Fhit in the Normal Testis
In the normal testicular parenchyma, Fhit expression was uniformly strong in the cytoplasm of germ cells and Sertoli cells, whereas Leydig cells variably expressed Fhit (Fig. 1A) .
Expression of Fhit and Placental Alkaline Phosphatase in Intratubular Germ Cell Neoplasia
Intratubular germ cell neoplasia was identified within the seminiferous tubules surrounding the germ cell tumors of 42 cases. The intratubular neoplastic cells were invariably negative for Fhit (Fig.  1A) . In contrast, all cases of intratubular germ cell neoplasia were positive for placental alkaline phosphatase, confirming their neoplastic origin (inset of Fig. 1A) .
Expression of Fhit and Placental Alkaline Phosphatase in Invasive Germ Cell Tumors
There was no detectable cytoplasmic immunostaining for Fhit protein in any of the malignant cells of 22 seminomas, 23/24 embryonal carcinomas, 14/14 yolk sac tumors, and 7/10 immature teratomas (Table 1 ; Fig. 1, B-D) . One case of embryonal carcinoma and three cases of immature teratoma showed focal weak cytoplasmic staining for Fhit protein. In contrast, the majority of mixed germ cell tumors (88%) strongly expressed cytoplasmic Fhit protein primarily in the most differentiated elements (e.g., mature glandular epithelium of teratomas), whereas immature germ cell components (embryonal carcinoma and yolk sac elements) did not stain (Fig. 1, E-F) .
Placental alkaline phosphatase was detectable by immunohistochemistry in 19/22 (86%) seminomas, 2/14 (14.3%) yolk sac tumors, and in 7/24 (29%) embryonal carcinomas (not shown).
DISCUSSION
The putative tumor suppressor gene FHIT is located at chromosome 3p14.2 and contains the most active of the common human chromosomal fragile regions, FRA3B. Alterations of the FHIT gene and loss of Fhit protein expression have been identified across a variety of human cancers and in premalignant lesions of lung, colon, breast, and cervix (14, 15, 22, 25) .
Neoplastic disease progression, from normal to premalignant to malignant phenotypes, is associated with genetic instability manifested by alteration of gene expression that is often associated with characteristic morphologic phenotypes (26) . It is generally well accepted that most but not all testicular germ cell tumors arise from a common neoplastic precursor lesion, intratubular germ cell neoplasia. According to this model seminomas evolve directly from intratubular germ cell neoplasia and embryonal carcinomas could arise directly from intratubular germ cell neoplasia or through an intermediate stage corresponding to seminoma. The other types of testicular germ cell tumors, teratomas, yolk sac tumors, and choriocarcinomas, may evolve directly from seminoma or embryonal carcinoma (5) (6) (7) (8) . This concept is supported by karyotype analyses that demonstrated a marker chromosome, i(12p) in seminomas and nonseminomatous germ cell tumors, as well as in intratubular germ cell neoplasia (1, (5) (6) (7) (8) . Moreover, the study of Lothe et al. (10) and more recently that of Kraggerud et al. (27) , demonstrated that testicular germ cell tumors commonly showed loss of heterozygosity at 3p and 11p chromosomes, further suggesting that these regions may contain candidate tumor suppressor genes important in pathogenesis of these testicular neoplasms and that FHIT is one of them. a Includes 2 pure embryonal carcinomas, 22 embryonal carcinomas in mixed germ cell tumors, 2 pure yolk sac, and 12 yolk sac tumors in mixed germ cell tumors; all teratomas occurred in mixed germ cell tumors.
In our study, we found loss of Fhit protein expression in all cases of pure seminoma or the seminomatous component of mixed germ cell tumors, 96% cases of embryonal carcinomas, 70% cases of immature teratomas and all yolk sac tumors. Additionally, Fhit protein expression was absent in all cases of intratubular germ cell neoplasia adjacent to invasive germ cell tumors. Similarly, Kraggerud et al. (27) found loss of Fhit expression in two cases of intratubular germ cell neoplasia associated with nonseminomatous testicular germ cell tumors and a similar absence or reduction of Fhit expression between nonseminomatous and seminomatous tumors. These observations suggest that alterations of FHIT gene may play an important role early in the carcinogenesis of testicular germ cell tumors.
Whereas the function of FHIT as a tumor suppressor gene has been supported by experiments in cell cultures and more recently in Fhit-deficient mice (19 -21, 23 ), the precise mechanism of Fhit protein action has yet to be determined. Recent data suggest that the tumor suppressor activity of FHIT could be related to regulation of apoptosis and the cell cycle through Fhit protein binding to Ap3A and alteration of the Ap4A/Ap3A ratio (16, 20, 28) . Another study demonstrates that Fhit protein promotes assembly of microtubules through a specific binding of tubulin in the presence of microtubule associated proteins (29) . These findings suggest that Fhit protein may exert its growth suppression activity interacting with microtubules and altering cell division.
More recent observations suggest that Fhit expression can inhibit tumor cell growth in vitro and in vivo through a caspase-dependent apoptosis pathway (17, 19, 22) . In a recent study, Roz et al. (30) found that adenoviral-mediated FHIT gene transfer into Fhit-negative lung and cervical cancer cell lines induced caspase-8 -mediated apoptosis and suppression of in vivo tumorigenicity. Apoptosis is an essential element of normal spermatogenesis and alterations in the regulation of cell cycle and apoptosis undoubtedly play a role in the development of testicular germ cell tumors. Of interest is the finding that in the majority of mixed germ cell tumors, Fhit protein is absent among the less differentiated elements such as embryonal carcinoma and yolk sac tumor components but was present in the most differentiated areas such as glandular teratomatous epithelium. Re-expression of Fhit protein in the most differentiated teratomatous components of mixed germ cell tumors suggests that there is no loss or structural alteration of FHIT gene in these tumors but rather that Fhit expression is differently regulated (possibly silenced through promoter methylation; 31) through phases of germ cell tumor progression. Additionally, alternative splicing of FHIT mRNA has been frequently identified in various neoplasms (32, 33) , including testicular germ cell tumors (27) . However, the significance of this finding is difficult to interpret because of the significant cellular heterogeneity of solid tumors and the lack of correlation between aberrant transcripts and protein expression levels.
In conclusion, this study demonstrates that loss of or decreased expression of Fhit protein is associated with the majority of testicular germ cell tumors. The loss of Fhit expression in adjacent intratubular germ cell neoplasia indicates that FHIT gene alterations play an important role in the growth control of germ cells and therefore in the genesis of testicular germ cell tumors. Moreover, the FHIT gene may represent a candidate target for early gene therapy management of patients with testicular germ cell tumors (22) .
